The ability to measure small volumes is important to several disciplines in biology, including physiological, evolutionary, and ecological studies of the scaling of body parts to overall body size (1) (2) (3) (4) . Comparative studies that employ volumetry often use organisms collected in remote locations, which can preclude the use of sophisticated technologies. Moreover, as further described here, current microvolumetric methods are relatively slow and expensive. Thus, we have developed a microvolumeter (MVM) and associated procedures that is portable for field use, rapid, and inexpensive.
There is a paucity of accurate volume data from small, irregularly shaped biological structures that are not easily modeled as simple geometric shapes. For example, almost all brain-body scaling studies have been limited to relatively large vertebrates (2) , despite the overwhelmingly greater biodiversity of much smaller invertebrates (5) . The shortage of individual small-volume data reflects both practical and cost limitations. Conventional methods of measuring small brain sizes involve measuring the mass, requiring an expensive and delicate microbalance (6) . Reconstructing estimated volumes from histological sections (7) is expensive, time-consuming, and subject to shrinkage artifacts. In studies of zooplankton body volumes, due to equipment limitations, individuals are grouped prior to measurements to obtain a mean individual value (8) . The techniques presented here eliminate these difficulties and provide a means of calibrating other methods that are prone to artifacts.
Our method is based on Archimedes' principle; namely, that adding an arbitrarily shaped object to a fluid-filled container displaces an equivalent fluid volume. Previous displacement-based devices have relied upon observations of a meniscus level within a capillary, which is imprecise for small volumes. The descriptions of prior methods (9-11) lacked detailed evidence pertaining to accuracy or precision, but all fall far short of the accuracy demonstrated here. Ciborowski (10) described a simple U-shaped apparatus, consisting of an open-ended receptacle connected to a vertically oriented capillary for monitoring the meniscus level. Volumes as low as ~5 µL were measured, but because 70% ethanol was needed to reduce surface tension in the capillary, neither live specimens nor fresh tissues could be examined. Berardi (9) previously claimed accurate measurements down to 10 µL with a similar device, but provided no supporting data. Another design (11) incorporated a Gilmont micrometer syringe for adjusting the fluid level, and the device was suitable for living specimens. Although few details were provided concerning accuracy, for a 6.8-µL standard volume, a standard error of ±15% was observed. The present MVM is much more reliable, even when measuring volumes 100× smaller. We combined several strategies to minimize measurement errors, and demonstrated the high levels of accuracy and precision that can be achieved with these techniques.
Materials and methods
Different versions of the same basic design were developed to encompass a large range of potential sample volumes, ranging from 20 mL (corresponding to whole bodies of some large insects) to 0.06 µL (brains of some ants and small bees). Each volumeter configuration was tested by measuring volumes (V) of spherical reference standards of known diameters and comparing measured with expected volumes according to V = (4/3) πr 3 , where r is a sphere's radius. The reference standards were all water-impermeable and resistant to corrosion in water or salt solutions: glass marbles (r = 5 mm), stainless steel ball bearings (r = 3.2, 1.5, 1.0, and 0.50 mm), and synthetic ruby balls (r = 0.39, 0.30, and 0.25 mm; Small Parts, Inc., Miramar, FL). Nominal ball diameters were confirmed with a digital micrometer or from photomicrographs of the three smallest An inexpensive and portable microvolumeter for rapid evaluation of biological samples
We describe an improved microvolumeter (MVM) for rapidly measuring volumes of small biological samples, including live zooplankton, embryos, and small animals and organs. Portability and low cost make this instrument suitable for widespread use, including at remote field sites. Beginning with Archimedes' principle, which states that immersing an arbitrarily shaped sample in a fluid-filled container displaces an equivalent volume, we identified procedures that maximize measurement accuracy and repeatability across a broad range of absolute volumes. Crucial steps include matching the overall configuration to the size of the sample, using reflected light to monitor fluid levels precisely, and accounting for evaporation during measurements. The resulting precision is at least 100 times higher than in previous displacement-based methods. Volumes are obtained much faster than by traditional histological or confocal methods and without shrinkage artifacts due to fixation or dehydration. Calibrations using volume standards confirmed accurate measurements of volumes as small as 0.06 µL. We validated the feasibility of evaluating soft-tissue samples by comparing volumes of freshly dissected ant brains measured with the MVM and by confocal reconstruction.
Reports
Reports ball sizes (n ≥ 3 balls at each size). All but two deviations measured from expected diameters were ≤0.45%, and the maximum deviation was 1.4% for a 0.50-mm ball. Since such small deviations may be largely attributable to our own measurement error, we simply used nominal diameters to calculate expected ball volumes.
For larger volumes (~1-20 mL), standard disposable syringes with the plungers removed served as sample receptacles, with a smaller adjusting syringe connected via 1/4-in polypropylene tubing ( Figure 1A) . Typically, relatively large sample volumes are measured simply by noting a change in the initial fluid level when a sample is added to a fluid-filled receptacle. Improved precision results from attaching a syringe to the receptacle and adjusting the fluid height to a fixed criterion level ( Figure 1, A and B) . Thus, the sample volume is the difference between the syringe plunger's positions before and after introducing the sample. Other improvements are to produce a more consistent meniscus shape by first pushing the fluid up a short distance, then bringing it down to the criterion level, and to repeat measurements both before and after adding a sample. All of our measurements used these basic techniques.
For sample volumes <1 mL, a series of glass receptacles was used, with thin polypropylene tubing and disposable pipettor tips (Cat. no. 1235A68; Thomas Scientific, Swedesboro, NJ, USA) connecting to syringes with Luer fittings (Figure 1 , B and C). The following four additional refinements were developed for small volumes. 
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As one of the most comprehensive information sources for biological researchers, the daily newsletter keeps you informed of the most recent developments, products, and industry news in the life sciences. We compile the latest information from the past 24 hours in one convenient source. flatness was visualized by illuminating the surface from an angle of ~45° with a bright white light-emitting diode (LED; TW00 series; Agilent Technologies, Santa Clara, CA, USA) positioned a few centimeters from the receptacle and observing the pattern of reflected light under magnification ( Figure  1C ). To align the path of the reflected LED light with the optical axis of a dissecting microscope, the LED was mounted on a micromanipulator (MM33; Narishige, East Meadow, NY, USA; or equivalent), and the LED angle and position were adjusted. If the fluid surface is either convex or concave (Figure 2A ), the image of the LED appears as a small bright spot. As the fluid surface becomes increasingly flat, the bright spot expands to fill the entire surface. Aqueous solutions adhered to the top edge of a glass container much more reliably than to plastic. For ~0.1-to 1-mL volumes ( Figure 1B ), a small (2.5-mL) glass vial with a hole drilled in the bottom served as the receptacle. For smaller volumes, a series of receptacle sizes ( Figure 1C , inset) was fashioned from glass Pasteur pipets by scoring and breaking the tapered portion at the desired diameter, then grinding the broken end flat with a spinning abrasive disk (Cat. no. 413; Dremel, Racine, WI, USA). The hydrophobicity of the groundglass surface was increased by periodically coating it with a trace of silicone grease. The smallest receptacles were made from capillary glass tubing with inner diameters of 1.0 or 0.5 mm (Cole-Parmer, Vernon Hills, IL, USA). Receptacle ends were bent in a flame to a 90° angle and connected to the syringe via a pipettor tip.
For each receptacle and measurement sequence, a criterion level was chosen in advance by selecting a specific local reflected light pattern. As in the basic procedure above, fluid was first pushed up to produce a slightly convex meniscus. Next, the fluid was brought down close to the preselected level, causing the spot of reflected light to expand until small "fingers" of reflected light extended outward. The point at which one of the fingers first contacted the glass edge ( Figure 2A ) could be chosen as the criterion level. Slight changes in the color of the reflected light were also very useful for identifying a criterion level.
Accounting for evaporation
When using small receptacles in low humidity, sample volumes can be underestimated due to evaporation from the fluid reservoir, which alters the reflected light pattern within seconds. Rather than attempting to eliminate evaporation, this source of bias was accounted for by taking a time-series of measurements. After adjusting the fluid to a point slightly above the criterion level, the fluid was permitted to reach the criterion level passively, the time was recorded to the nearest second, and then the micrometer position was noted. This procedure was repeated four to five times before and after introducing the sample. The resulting series of micrometer positions ( Figure 2B ) defines two straight lines, which theoretically share the same slope. The slope of the lines reflects the evaporation rate, and the vertical distance between the pre-addition and post-addition lines corresponds to the true volume of the sample. Linear regression methods (12) were used to estimate the slope of these lines and the distance between them.
Matching receptacle to sample dimensions
Given that the smallest volume measurements are based on judging the flatness of 
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Reports a circular fluid-air interface, the ability to resolve a given change in volume depends not on the total volume of the receptacle, but on the diameter of the receptacle opening. This was confirmed by examining errors in measured volumes as a function of the ratio of reference ball-to-receptacle diameters.
Fluid displacement control and resolution
Another key to accurate measurements is the ability to control and measure the amount of fluid displaced by small changes in the syringe plunger's position. For sample volumes <1 mL, a micrometer was used to control plunger position. Volumes from ~0.1-1.0 mL were measured with a 2.0-mL Gilmont syringe with built-in micrometer ( Figure 1B , nominal resolution: 2.0 µL/division; Cole Parmer). For volumes <0.1 mL, one of a series of smaller syringes (250, 50, 25, or 10 µL, 1700LT series; Hamilton, Reno NV, USA) was selected. The Hamilton syringes were interchangeably mounted on a plexiglass platform, with the plunger tightly coupled to a manually driven micrometer (Daedal, now Parker Hannifin, Irwin, PA, USA) ( Figure  1C , 10 µm/division). The micrometer resolutions were improved at least 3-fold by visually interpolating the micrometer scale position to one additional digit. As repeated handling of fragile samples should be minimized, it is important to choose syringe-micrometer combinations in advance that will be suitable for each approximate volume to be measured. The ability to discriminate small volume changes is largely determined by the syringe volume, the syringe length, and the micrometer resolution. These three parameters were combined as a single index that can be used to help select appropriate MVM configurations. Thus, for a known sample volume, V s (in µL), an index of the MVM's overall resolution is V s × (A ÷ B) , where A is the syringe length per volume (µm/µL), and B (µm/division) is the distance the plunger moves per micrometer division. To illustrate its utility for correctly configuring the MVM, the accuracy of volume estimates for selected small reference standards was compared while using different syringes to change the value of this index.
Comparing MVM and confocal volumes
To help demonstrate the effectiveness of the MVM for measuring biological specimens, volumes of freshly dissected ant brains (Atta colombica [Formicidae]) were measured both by using the MVM and by confocal microscopy. Small worker ants were selected to provide brain volumes close to the smallest volume for which highly accurate measurements have been established (0.066 µL; see "Results and discussion" section). Brains were dissected in physiological saline and treated for 10-15 min with 2.5 × 10 -5 M propidium iodide (Invitrogen, Carlsbad, CA, USA) to highlight cell nuclei. Osmotic stress can alter tissue volumes, so the saline should emulate the osmotic properties of fluids that surround the specimen in vivo. Since the ionic environment of ant brains is poorly known, we used a saline (150 mM NaCl, 24 mM KCl, 7.0 mM CaCl 2 , 4.0 mM MgCl 2 , 5.0 mM HEPES buffer, and 131 mM sucrose, pH 6.9-7.0) that emulates the ionic composition and osmolarity of culture media (13, 14) known to keep dissociated insect neurons alive (including those of hymenopterans).
Using the 559-nm laser of a confocal microscope (FV1000; Olympus, Miami, FL, USA), serial optical sections of a freshly dissected brain were obtained every 10 μm at 10× magnification. 3-D reconstruction software (15) was used subsequently to trace brain profiles in each optical section and compute the brain 
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For efficiently gathering references and full text, no other solution delivers the rich support found in EndNote X4. Simply point EndNote toward your PDF files and folders to create new references without typing or searching. Or, let EndNote save you time locating and attaching full text PDF files for your existing references. Either way you'll have more time on your hands. volume. Next, the brain was transferred with a small amount of saline to a small platform positioned ~1 mm from the fluidfilled MVM receptacle and visible under the dissecting microscope. The platform was covered with Parafilm (Pechiney Plastic Packaging Company, Chicago, IL, USA) to provide a hydrophobic surface, facilitating the removal of excess fluid and minimizing tissue adhesion. As an alternative to Parafilm, synthetic hydrophobic coatings (e.g., Gelest, Inc., Morrisville, PA, USA) may be useful. To avoid tissue shrinkage due to evaporation, a humid microchamber was created with a small piece of saline-soaked sponge, with a notch cut into one side and covered with a microscope coverslip. After first obtaining the pre-addition data from the MVM (see Figure 2B ), the wet brain was transferred from the saline solution to the dry floor of the humidified microchamber. Excess saline was carefully removed under magnification by using a fine-tipped suction pipet pulled from a 1-mm capillary and connected to a Gilmont syringe. The isolated tissue was then quickly transferred with sharp forceps (Dumont no. 55; Fine Science Tools, Foster City, CA, USA) into the MVM receptacle.
Results and discussion
Role of MVM configuration The importance of matching the receptacle size to the size of the sample is illustrated by measurements of errors in volumes measured as a function of ball-to-receptacle diameter ratios ( Figure 3A ). As expected, higher ratios were generally associated with lower errors. Although individual differences in percent errors were not significant, the pooled errors for ratios >0.8 were significantly smaller than for ratios <0.8.
The importance of the MVM resolution index for measurement accuracy is illustrated by tests that used different syringe sizes to measure 0.79-and 1.0-mm diameter balls (Figure 3 , B and C, respectively). Higher-resolution index values were associated with smaller mean errors and lower variability. Also, these data show that highly accurate measurements are possible even if the ball-to-receptacle diameters ratio is not particularly high (see legend of Figure  3 , B and C for details). The measured differences in absolute errors were significant for the 0.79-mm balls (P = 0.001) but not for the 1-mm balls. Together, these tests involving receptacle diameter ratios and the MVM resolution index confirm that both parameters influence measurement accuracy and should be maximized. Nevertheless, for any series of measurements and MVM configurations, accuracy across the expected range of sample volumes should be pretested with standard reference volumes. Figure 4 illustrates the accuracy of volume measurements that can be achieved by applying our methods across a range of standard volumes from ~1 mL down to 0.066 µL. The same low error rates that were achieved for larger volumes mainly by monitoring the meniscus level were maintained for smaller volumes by applying the reflected light method (Figure 2A ), monitoring evaporation ( Figure 2B ), and maintaining relatively high receptacle-toball diameter ratios and a high resolution index (Figure 3) . The standard deviations Volumes of small, freshly dissected tissue samples (Atta colombica worker ant brains in saline) are very similar whether measured in the MVM or by confocal microscopy and reconstruction. in measured volumes ( Figure 4A ) were all <4% of the corresponding volume, and the mean percent errors between measured and expected volumes ( Figure 4B ) were less than ±2% and also exhibited consistently low variability.
Overview of MVM accuracy
Validation of MVM for measuring soft tissues Table 1 compares volumes of two brains that were successively measured by confocal microscopy and in the MVM. The estimated volumes differed by ≤10%, confirming the feasibility of the MVM for measuring volumes of very small, delicate tissue samples. For measuring volumes of freshly dissected tissue samples, the MVM was also more effective and far less timeconsuming. Unfixed tissues in saline are often fairly opaque, rendering confocal microscopy impractical for all but very small specimens. The unfixed ant brains used here could only be imaged to a depth of approximately 150-250 µm (slightly over 50% of the tissue depth), even when using a high photomultiplier gain and the maximum laser intensity. Thus, to complete a series of optical sections, it was necessary to turn over and realign the brain. Using confocal microscopy to measure larger or thicker tissues would require dehydrating and clearing the tissue, therefore shrinking it. A second advantage of the MVM was that volume measurements were obtained much faster. After dissection, we estimated the total time required to measure one brain with the MVM to be <20 min versus ≥4 h using confocal microscopy and profile tracings. Traditional histology would require even more time.
Comparisons to alternative methods An obvious alternative to volumes is to measure mass, as is common in studies of vertebrate brain-body scaling (2) . Since the densities of water and many biological tissues are similar, mass and volume data are often roughly comparable. Microbalances capable of matching the MVM's accuracy of 0.06 mg ± 2% are expensive, however, and cannot be used under rugged field conditions. Another alternative (also unsuitable for remote locations) is to exploit the relationship between an object's volume and its weight, as indicated on a balance, when the object is held suspended in a fluid (16) . Although this method is easily applied to relatively large volumes, significant challenges arise for smaller volumes, because it depends on the density difference between the sample and the fluid, which is typically very small (17, 18 ). Other precise methods of measuring small volumes exist, such as reconstruction of volumes from histological, optical (confocal), or even NMR sections (19) , but such equipment is not portable. Such procedures (e.g., histology) are also subject to artifacts such as tissue shrinkage (20) , which may reduce volumes by as much as 40-49% (21) . The extent of shrinkage may differ according to taxonomic, developmental, and other variables, and shrinkage can even vary significantly among identically processed tissues (22) .
The MVM and procedures presented here provide a rapid and effective means of measuring living organisms or freshly dissected tissues having volumes as small as 0.06 µL. The method also can be used in conjunction with histological studies to establish correction factors for changes in native volumes.
